Background Both papillary muscle infarction (PMI) and chronic ischemic mitral regurgitation (CIMR) are associated with reduced survival after myocardial infarction. The influence of PMI on CIMR and factors influencing both entities are incompletely understood. Objectives We sought to determine the influence of PMI on CIMR after primary percutaneous coronary intervention (PCI) for ST-segment elevation myocardial infarction (STEMI) and to define independent predictors of PMI and CIMR. Methods Between January 2011 and May 2013, 263 patients (mean age 57.8 ± 11.5 years) underwent late gadolinium-enhanced cardiac magnetic resonance imaging and transthoracic echocardiography 4 months after PCI for STEMI. Infarct size, PMI, and mitral valve and left ventricular geometric and functional parameters were assessed. Univariate and multivariate analyses were performed to identify predictors of PMI and CIMR (Cgrade 2?).
Introduction
Both papillary muscle infarction (PMI) and chronic ischemic mitral regurgitation (CIMR) are associated with reduced survival after myocardial infarction (MI) [1] [2] [3] .
Ischemic mitral regurgitation (IMR) is a common complication of MI with an estimated incidence of 20-50 % [4] [5] [6] [7] [8] . IMR is frequent early after MI, but it is often mild and may disappear completely [4] [5] [6] [7] [8] . When IMR develops, persists or increases over the course of several weeks after MI, it becomes chronic [4] [5] [6] [7] [8] . Several studies showed that (even mild) CIMR after MI increases the risk of congestive heart failure and death in a graded fashion according to mitral regurgitation (MR) severity (independent of left ventricular (LV) function) [1, 2] . The exact mechanism for the development of IMR after MI remains a subject of debate [9] . IMR may develop acutely after post-MI papillary muscle rupture, or more gradually with scar formation, LV remodeling, papillary muscle (PM) displacement, and mitral valve tethering or tenting (i.e. CIMR) [9, 10] .
PMI has a strong (negative) prognostic value after MI [3] . This may be related to the development of CIMR, but the precise role of PM involvement in the development of CIMR is still unclear. Factors influencing PMI are incompletely understood. Late gadolinium-enhancement (LGE) cardiac magnetic resonance imaging (MRI) enables the noninvasive detection of papillary muscle infarction (PMI) with high spatial resolution [3, 11] . Therefore, LGE cardiac MRI is the technique of choice for PMI assessment.
In this study, we sought to determine the influence of PMI detected by LGE cardiac MRI on CIMR after primary percutaneous coronary intervention (PCI) for ST-segment elevation myocardial infarction (STEMI) and to determine independent predictors of PMI and CIMR.
Methods

Study Design
This study was performed as a substudy of the glycometabolic intervention as adjunct to primary percutaneous intervention in ST elevation myocardial infarction (GIPS)-III trial (clinicaltrials.gov NTC01217307) [12] [13] [14] . The GIPS-III trial was a prospective, single center, double blind, randomized clinical trial that compared metformin 500 mg twice daily to placebo treatment in 380 non-diabetic patients requiring primary PCI for STEMI. The primary endpoint, left ventricular ejection fraction (LVEF) after 4 months, was similar between groups [13] . The final results of the GIPS-III trial have been reported previously [13] . In brief, patients aged C18 years presenting with a first STEMI and undergoing primary PCI with implantation of at least 1 stent with a diameter of at least 3 mm resulting in thrombolysis in myocardial infarction (TIMI) flow grade 2 or 3 post-PCI were included. Major exclusion criteria were known diabetes, the need for coronary artery bypass grafting, severe renal dysfunction, and contraindications for MRI. All patients provided written informed consent. The study protocol was in accordance with the Declaration of Helsinki and was approved by the local ethics committee (Groningen, the Netherlands) and national regulatory authorities.
PMI substudy
Between January 2011 and May 2013, 380 patients were enrolled in the GIPS-III trial. A total of 275 patients underwent cardiac MRI and transthoracic echocardiography (TTE) 4 months after PCI. 263 patients had an evaluable cardiac MRI, and were eligible for the current substudy. None of these patients had a history of (organic) mitral valve disease.
Standard laboratory assessment including serum concentrations of creatinine phosphokinase (CK) was performed.
Angiographic analysis
Coronary angiography and coronary intervention were performed using standard techniques. The choice and order of coronary intervention (i.e., thrombus aspiration, balloon angioplasty, or stenting) was left to the discretion of the operator. Perfusion was evaluated according to the TIMI criteria [15] . Myocardial blush grade was assessed for the infarct-related artery, and was defined as previously described [16] : 0, no myocardial blush; 1, minimal myocardial blush; 2, moderate myocardial blush; and 3, normal myocardial blush or contrast density. Persistent myocardial blush suggesting leakage of contrast medium into extravascular space was graded as 0.
Cardiac MRI protocol
Cardiac MRI was performed 4 months post-PCI with a 3.0 Tesla clinical scanner (3 T Achieva, Philips, Best, the Netherlands) using a phased array cardiac receiver coil. Electrocardiogram-gated cine steady-state, free precision magnetic resonance images were acquired during repeated breath holds in the standard long-axis views (4-, 3-, and 2-chamber view) and contiguous short-axis slices of 1 cm covering the entire LV were used to assess global and regional ventricular function and to calculate LVEF. Using identical slice locations, late contrast-enhanced images were acquired 10 min after intravenous administration of a gadolinium-based contrast agent (Dotarem, Gorinchem, The Netherlands; 0.2 mmol/kg) with an inversion recovery, gradient echo pulse sequence to identify the location and extent of MI and PMI. The inversion time was set to null the signal of viable myocardium for every individual patient.
Cardiac MRI analysis
Images were stored and sent to an independent cardiac MRI core laboratory (Image Analysis Center, VU University Medical Center, Amsterdam, The Netherlands) for assessment by fully blinded operators. Additional assessment of PMI and mitral valve geometry was performed using an open-source software package (OsiriX Imaging Software).
Summation of the volumes per slice of areas of hyperenhancement was outlined, allowing calculation of total infarct size (% LV myocardium). PMI was evaluated by LGE cardiac MRI images. Cine images of the same location were used as a side-by-side reference for localizing the PM within the blood pool during interpretation of contrastenhanced images. PMI was considered present if any papillary hyperenhancement was present on LGE images. PMI was further categorized by location (anterolateral PMI and/or posteromedian PMI) and extent (partial (B50 % hyperenhanced papillary myocardium) or complete ([50 % hyperenhanced papillary myocardium) on LGE short-axis images ( Fig. 1 ) [11] .
Left atrial volume was calculated using the summation of slices method multiplied by slice thickness. Left ventricular end-diastolic diameter (LVEDD) and left ventricular end-systolic diameter (LVESD) were measured in the short-axis view at mid-LV level. Additionally, the systolic sphericity index (SSI) (ratio of LV width to length) was measured in the four-chamber view at end-systole. Interpapillary muscle distance (IPMD) was measured in the short-axis view at end-systole. On the stack of short-axis cines, the endocardial and epicardial borders were outlined in end-systolic and end-diastolic images. Left ventricular end-diastolic volume (LVEDV) and left ventricular endsystolic volume (LVESV) were calculated using the summation of slice method multiplied by slice thickness. LVEF was calculated as LVEF = 100 % 9 (LVEDV-LVESV)/ LVEDV. Regional LV contractile function was graded with the wall motion score index (WMSI) using a 17-segment, 5-point scoring system (1 = normal contraction; 2 = hypokinesia; 3 = akinesia; 4 = dyskinesia; 5 = aneurysmatic).
Mitral annular diameter, tethering height (distance between the leaflet coaptation point and the mitral annular plane), tethering area (area enclosed between the annular plane and the mitral leaflets) posterior tethering angle, and anterior tethering angle were measured in the 3-chamber view (mid-systolic) (Fig. 2) [9] .
Echocardiographic analysis
TTE was performed with commercially available equipment (Vivid-7, General Electric, Horten, Norway) with a phased array transducer. CIMR was defined as MR caused by MI in the absence of structural mitral valve abnormalities and present 4 months after PCI. Based on the echocardiography guidelines [17] [18] [19] , the severity of MR was scored as no or trace (grade 1?), mild (grade 2?), moderate (grade 3?), or severe (grade 4?) as defined by jet area divided by left atrial area measured with TTE in the apical four-chamber view (Table 1) . CIMR was considered present if jet area/left atrial (LA) area C10 % (Cgrade 2?).
Statistics
Continuous variables were expressed as mean ± SD. Categorical variables were expressed as percentages. Comparisons between groups were performed using Pearson's Chi-square test or Fisher's exact test as appropriate for categorical variables and the independent samples t test or Mann-Whitney U test as appropriate for continuous variables. Univariate variables with P \0.10 were included in the multivariate analysis. Age and gender were forced in all multivariate models. Multivariate logistic regression analyses by means of a forward stepwise algorithm (cut-off for entry and removal set at a significance level of 0.05) were performed to identify independent predictors of PMI and CIMR. Odds ratios were reported with 95 % confidence intervals (CI). Goodness-of-fit of the final logistic regression models was assessed with the Hosmer-Lemeshow statistic.
All calculations were performed using commercially available statistical packages (IBM SPSS Statistics 21.0; IBM Corporation, Chicago, IL, USA and Stats Direct 2.8.0; StatsDirect Ltd, Chesire, UK). Statistically significant differences were defined as P \ 0.05.
Results
Study Population
A flowchart for this substudy is shown in Fig. 3 . Patient characteristics are shown in Tables 2 and 3 . PMI was present in 61 patients (23 %) and CIMR was present in 86 patients (33 %). In patients with PMI, 52 % had CIMR, and in patients without PMI, 27 % had CIMR (P \ 0.001).
PMI and the infarct-related artery PMI was found in 61 patients (23 %). Posteromedian PMI was found in 42 patients (69 %), Anterolateral PMI was found in nine patients (15 %), and combined PMI was found in ten patients (16 %) . An overview of the IRA according to type of PMI is provided in Table 4 .
Predictors of PMI
Univariate and multivariate logistic regression analyses of PMI are shown in Tables 2, 3 , and 5. Multivariate analysis revealed infarct size, inferior MI, and circumflex infarctrelated artery as independent predictors of PMI. The Hosmer-Lemeshow goodness-of-fit test was non-significant, indicating that this multivariate model is a good fit (v 2 = 13.85, df = 8, P = 0.086).
Predictors of CIMR
Univariate and multivariate logistic regression analyses of CIMR are shown in Tables 2, 3 , and 6. Multivariate analysis revealed age, infarct size, tethering height, and interpapillary muscle distance as independent predictors of CIMR. The Hosmer-Lemeshow goodness-of-fit test was non-significant, indicating that this multivariate model is a good fit (v 2 = 4.87, df = 8, P = 0.772).
Discussion
LGE cardiac MRI is the technique of choice for detecting scar tissue and fibrosis formation after MI and the high resolution of this technique permits careful delineation of partial or complete involvement of the PM in the infarcted area [3, 11, 20] . The incidence of PMI in this study was 23 %, but this number varies among different studies, ranging between 14 and 53 % [3, 11, [21] [22] [23] [24] [25] ]. The variability may be explained by differences in patient characteristics and treatment or by differences in cardiac MRI technique [22, 25, 26] . Due to improvements in reperfusion therapy more recent studies report a lower incidence of PMI [3, 11] . Most studies with LGE cardiac MRI to assess PMI have been performed early after infarction (several days to approximately 1 month) [3, 11, 23] . A distinct advantage of our study is the fact that PMI and LV assessment were performed 4 months after MI [27] . Because the majority of myocardial remodeling occurs over the course of this period, we were able to provide a more reliable assessment of the effect of PMI on myocardial remodeling and CIMR.
In patients with PMI, the posteromedian PM was involved in 85 % and the anterolateral PM was involved in 31 %. The posteromedian PM is known to be more prone to ischemia/infarction (and rupture) due to its dependence on single blood supply from the posterior descending coronary artery (which is either derived from the LCx or from the RCA) [28, 29] . The anterolateral PM is less vulnerable to ischemia/rupture due to its dual blood supply from the LAD and LCx [28, 29] . This is supported by the findings from this study (Table 4) . PMI is usually limited to one PM, but both PMs may be involved in up to onethird of patients [3, 11, [21] [22] [23] [24] [25] . In this study, both PMs were infarcted in 16 % of patients with PMI. Thus, PM perfusion and infarction patterns are similar across different PMI studies.
Infarct size, inferior MI, and the LCx as IRA were independent predictors of PMI in this study. Two other studies also showed that in patients with PMI infarct size is generally larger on MRI, that myocardial scar most often involves the lateral and inferior walls, and that the IRA is most often the RCA or LCx [3, 11] .
PMI also has been shown to have a strong (negative) prognostic value [3] , which could be related to ventricular arrhythmias [30] , but may also be related to accompanying LV dysfunction and development of CIMR [1, 5] . The prognostic value of PMI was not tested in this study, but provides an interesting subject for future studies.
CIMR was defined as MR 4 months after PCI for STEMI present on TTE with a jet area/LA area of C10 % (grade 2?) in the mid-systolic apical four-chamber view. Different studies use different time intervals to characterize IMR as chronic. The minimum interval is usually 6 weeks. We chose a 4 month period to make sure the majority of myocardial remodeling has occurred [27] and that IMR can truly be considered chronic. Other CIMR imaging techniques such as exercise echocardiography can provide additional useful information about the dynamic component of CIMR because it has the potential to unmask higher degrees of MR [31] . In addition, other validated parameters for CIMR severity assessment, such as regurgitant volume and effective regurgitant orifice area using the PISA (proximal isovelocity surface area) method might provide a more reliable assessment of CIMR severity [17, 32] . However, these imaging modalities or echocardiographic parameters were not available for patients from the GIPS-III trial. Differences in the timing of MR assessment and the technique used to assess its presence, and the parameter used to quantify its severity may explain some of the variability in the reported incidence of MR after MI. CIMR increases the risk of heart failure and mortality in a graded fashion according to MR severity [1, 2] . Because CIMR has such a negative impact on prognosis, it is important to identify which mechanisms cause and which parameters predict CIMR. Especially, when these parameters can be therapeutically influenced or surgically corrected in moderate or severe CIMR.
The exact mechanism for the development of CIMR after MI remains a subject of debate [9] . Both annular dilatation (and flattening) (Carpentier type I dysfunction) and leaflet tethering (Carpentier type IIIb dysfunction) reduce leaflet coaptation and render the mitral valve incompetent in CIMR [9] . The relative contributions of both mechanisms may differ in patients, because several studies have shown a high degree of variability in the pathologic anatomy of CIMR with annular and leaflet distortions demonstrating a high degree of regional heterogeneity [33, 34] . This confirms the complex nature of CIMR and shows that multiple mechanisms interact to produce CIMR.
In a quest to unravel these mechanisms and their underlying pathological abnormalities, several studies have tried to shed light on the precise role of PM involvement in the development of CIMR [3, 11, 23, 24, 35, 36] . This study shows that PMI rate is significantly higher in patients with CIMR compared to patients without CIMR and that patients with PMI have significantly more severe CIMR compared to patients without PMI. However, in multivariate analysis, PMI was not an independent predictor of CIMR. From other contrast-enhanced MRI studies [3, 11, 23, 24] and several animal studies [35, 36] it also became clear that PMI is not an (independent) predictor of CIMR. Tethering height and interpapillary muscle distance appeared to be the strongest independent (geometric) predictors of CIMR. Tethering angles, tethering area and SSI were all associated with CIMR, but did not independently Fig. 3 Flowchart for the PMI substudy. CABG coronary artery bypass grafting, CIMR chronic ischemic mitral regurgitation, GIPS glycometabolic intervention as adjunct to primary percutaneous intervention in ST elevation myocardial infarction, ICD implantable cardioverter defibrillator, MRI magnetic resonance imaging, PMI papillary muscle infarction, TTE transthoracic echocardiography predict CIMR. This confirms findings from two other studies that showed that CIMR is related to outward displacement of the PMs and impairment of lateral shortening between them rather than to global LV dilatation [37, 38] . Thus, development of CIMR is mainly related to infarct size, LV remodeling with PM displacement, and mitral valve tethering, rather than to PMI itself. This finding may also have implications for the mechanism-based surgical correction of moderate or severe CIMR.
Undocumented pre-existing mitral valve disease may have been present at the time of MI in some patients although none of the patients had a history of (organic) dimensional imaging may have the potential to overcome some of these limitations.
In conclusion, our findings indicate that 4 months after primary PCI for STEMI CIMR rates are higher in patients with PMI, but PMI is not an independent predictor of CIMR. The geometric parameters tethering height and interpapillary muscle distance are the strongest independent predictors of CIMR. Inferior infarction and infarction in the circumflex coronary artery are independent predictors of PMI.
